Overview -spirochaetal lipoproteins in the postgenomic era
Anchoring of proteins to membranes by lipid modification is a universal strategy of both prokaryotic and eukaryotic cells. The spirochaetes represent a distinct bacterial phylum that have utilized the lipoprotein design extensively as evidenced by genome-sequencing studies revealing a large number of different paralogous families of lipoprotein genes, encoding 22 potential lipoproteins in Treponema pallidum (Fraser et al., 1998) and 105 potential lipoproteins in Borrelia burgdorferi (Fraser et al., 1997) . Roughly 8 % of Bor. burgdorferi open reading frames are predicted to encode lipoproteins (Fraser et al., 1997) , which is a significantly higher frequency than that of any other bacterial genome sequenced to date (The Institute for Genomic Research, 2000) . An understanding of spirochaetal lipoproteins requires an appreciation of the distinctive doublemembrane architecture of spirochaetes, which shares characteristics of both Gram-positive and Gram-negative bacteria (see Fig. 1 ). As in Gram-positive bacteria, the cytoplasmic membrane of spirochaetes is closely associated with the peptidoglycan cell wall. Spirochaetes also have an outer membrane which provides a barrier shielding underlying antigens, such as the endoflagella, from the outside environment. However, the spirochaetal outer membrane appears to be fluid and labile, which contrasts it with the outer membrane of Gramnegative bacteria. This unique membrane architecture of spirochaetes and their ancient phylogeny suggest that the export, structure and function of spirochaetal lipoproteins have features which are unique to these organisms. As an indication of their importance in spirochaetes, lipoproteins are recognized to be the most abundant proteins in a wide array of organisms. Examples of lipoproteins that constitute a high percentage of the total protein composition of spirochaetes include OspA of Bor. burgdorferi, the Vmp proteins of the relapsing fever borreliae, SmpA of Brachyspira hyodysenteriae, LipL32 of the pathogenic Leptospira species and Tpp47 of T. pallidum. This paper is intended as a broad review of key issues involving spirochaetal lipoproteins, relating fundamental biochemical and physiological issues to those of pathogenesis. Rather than an exhaustive survey of current knowledge, the goal of this review is to highlight issues of current interest and point out areas for future research. Readers desiring more detailed information about spirochaetal lipoproteins are referred to additional sources, including websites such as the TIGR Microbial Database (The Institute for Genomic Research, 2000) and other reviews (e.g. Norris, 1993) . The starting point for this review is lipoprotein secretion, processing and sorting, which will allow formulation of questions regarding how cellular destination is determined. With the exponential expansion of sequence data, what should be the criteria for identification of spirochaetal lipoproteins ? Characterization of lipoproteins should also include determination of whether it is exported to the outer membrane and\or surface exposed, since surface-exposed lipoproteins are likely to be involved in how spirochaetes interact with their environment. Surface-exposed lipoproteins that have been implicated in essential roles in the interaction with the mammalian host will be reviewed. What are the environmental signals that regulate differential expression of lipoproteins ? Some of the lipoproteins upregulated in the mammalian host undergo antigenic variation as a strategy for evading the host immune response. Lipoproteins are also involved in disease pathogenesis through their ability to trigger the host inflammatory response. Ultimately, lipoproteins are of interest as vaccines for prevention of spirochaetal infections.
Secretion, processing and sortingcomparisons with Escherichia coli
Sequencing of the T. pallidum and Bor. burgdorferi genomes has revealed orthologues of genes encoding all the essential components of the bacterial secretory machinery, as shown in Table 1 (Fraser et al., 1997 (Fraser et al., , 1998 . Detailed reviews are available on secretion (e.g. Duong et al., 1997) , which will be reviewed briefly here. As nascent lipoproteins emerge from the ribosome, an Ffh-containing signal-recognition particle binds to the signal peptide, piloting it to the preprotein translocase complex in the cytoplasmic membrane. As shown in Fig.  1 , prolipoproteins are secreted across the cytoplasmic membrane through the preprotein translocase complex, which consists of a SecYE transmembrane channel with SecA on the cytoplasmic side and SecDF on the periplasmic side of the cytoplasmic membrane. Secretion through the translocase complex involves an energydependent cycle in which SecA binds the signal peptide, pushes it through the transmembrane channel, and then reaches back to bind the next part of the protein undergoing secretion. The cycle continues until the entire protein has been transported across the cytoplasmic membrane. It is likely that lipoproteins and all other proteins with signal peptides follow this pathway.
After secretion across the cytoplasmic membrane, proteins are lipidated and cleaved at the cysteine residue in the lipoprotein signal-processing site. Lipoprotein processing is a three-step biosynthetic pathway that takes place on the periplasmic side of the cytoplasmic membrane and involves three separate enzymes located in the cytoplasmic membrane (Wu, 1996) . Homologues for all three enzymes required for lipoprotein biosynthesis in E. coli have been found both in T. pallidum and in Bor. burgdorferi (Table 1 ). The details of lipoprotein processing were originally worked out in E. coli for the murein lipoprotein and are presumably similar in other Gram-negative bacteria and also in spirochaetes. The first of the three enzymes in the lipoprotein-processing pathway is phosphadidylglycerol : prolipoprotein diacylglyceryl transferase (Lgt). This enzyme transfers a diacylglyceryl group (containing two fatty acids) from phosphadidylglycerol to the sulfur atom of cysteine. The second enzyme in the pathway is prolipoprotein signal peptidase (Lsp), which proteolytically removes the signal peptide, making cysteine the new N-terminal amino acid. The third enzyme is phospholipid : apolipoprotein transacylase (Lnt) which transfers a third fatty acid from a membrane phospholipid to the nitrogen atom of cysteine. After processing, lipoproteins will have three fatty acids attached to the cysteine residue. It should be noted that modified proteins will be blocked to N-terminal amino acid sequencing using the Edman degradation technique.
Theoretically, a lipoprotein might become localized to one or more of four cellular compartments : the periplasmic leaflet of the cytoplasmic membrane, the periplasmic or outer leaflets of the outer membrane, or beyond the outer membrane in the surrounding milieu. (Anderson & Schneewind, 1999) .
In E. coli, two proteins have been identified that appear to be involved in localization of lipoproteins to the outer membrane (Matsuyama et al., 1997) . A periplasmic chaperone, LolA, appears to transport lipoproteins to the outer membrane and a second protein, LolB, appears to be involved in the incorporation of murein lipoprotein into the outer membrane. No LolA or LolB sequence homologues were detected in the T. pallidum or Bor. burgdorferi genomes, suggesting that spirochaetal lipoproteins may be exported to the outer membrane by a unique pathway. In E. coli lipoproteins, the j2 residue (immediately after the N-terminal cysteine) functions as a sorting signal. Murein lipoprotein has a Ser at the j2 position and is sorted to the inner leaflet of the outer membrane. Proteins with Asp at the j2 position instead of Ser are retained in the cytoplasmic membrane (Yamaguchi et al., 1988) . Acidic and\or basic residues following the N-terminal Cys may have relevance in sorting of spirochaetal lipoproteins. For example, the leptospiral lipoprotein LipL36 has an unusual series of six Asp residues located in positions j4 to j9 (Haake et al., 1998) . We wondered whether an acidic region close to the N terminus explains why LipL36 is restricted to the inner leaflet of the outer membrane, while LipL41, which has only two acidic residues in this location, is exported to the outer leaflet of the outer membrane (Shang et al., 1996) . Such a high concentration of negatively charged amino acids may function as a stoptransfer signal for translocation to the outer leaflet of the outer membrane. Alternatively, charged residues in this region could determine binding to a translocase protein involved in exporting lipoproteins to the outer leaflet of the outer membrane.
Criteria for identification of spirochaetal lipoproteins
Genome-sequencing studies have revealed a large number of genes encoding potential lipoproteins in spirochaetes (Fraser et al., 1997 (Fraser et al., , 1998 . The finding of a Cys residue after a signal peptide is suggestive evidence that a protein is lipidated. The E. coli lipobox has been defined by Wu (1996) as :
Leu occurs in the k3 position in about 75 % of E. coli lipoproteins. The lipobox of Gram-positive bacteria is very similar to the E. coli lipobox, with Leu occurring at the k3 position in 87 % of Gram-positive lipoproteins (Sutcliffe & Russell, 1995) . In spirochaetes, the variability of amino acids in the lipoprotein signal peptidase cleavage site, including the k3 position relative to cysteine, makes recognition of lipoprotein signal peptidase cleavage sites less certain than in other bacteria.
To define the spirochaetal lipobox, a literature search was performed to identify spirochaetal proteins for which experimental evidence of lipid modification was available. Twenty-six sequences were obtained from lipoproteins produced by Leptospira, Treponema, Borrelia and Brachyspira species (listed in Table 2 ). The resulting spirochaetal lipobox was found to be :
The most notable departure from the E. coli lipobox is that the spirochaetal lipobox is much more loosely defined in the k3 position. As in E. coli, Leu occurred in the k3 position more frequently than any other amino acid, but was present in only 42 % (11\26) of the spirochaetal sequences. In most of the other lipoproteins, Leu was substituted for by another hydrophobic amino acid such as Val, Phe or Ile. Occasionally, amino acids with lower hydrophobicity, including Ser, Thr and Ala, were found in the k3 position. However, in every case, the lack of a hydrophobic amino acid at the k3 position was compensated for by hydrophobic amino acids at the k4 (usually Leu) and k2 (usually Ile) positions. In fact, Leu occurs more frequently in the k4 position (54 %) in the spirochaetal lipoproteins than in the k3 position (42 %).
The variability of the spirochaetal lipobox in the k3 position may be a reflection of reduced substrate specificity of the spirochaetal prolipoprotein signal peptidases and\or the possibility that high rates of lipoprotein biosynthesis do not occur in spirochaetes. The latter idea is consistent with the slow physiology and remarkably long doubling times of spirochaetes. Studies performed on expression of the leptospiral lipoprotein LipL41 in E. coli are relevant to this question. It was observed that at a low level of expression, most of 
Pathogen-specific membrane protein the recombinant LipL41 was lipidated while at a high level of expression, most of the recombinant LipL41 was not lipidated (Shang et al., 1996) . This result suggested that E. coli prolipoprotein signal peptidase was capable of recognizing the LipL41 lipoprotein signal peptidase cleavage site, but that processing was rate limiting at high levels of induction. In spirochaetes, protein biosynthesis rates may be slow enough that spirochaetal lipoprotein signal peptidases do not need to process lipoproteins rapidly, allowing genetic drift to occur at the k3 position of the spirochaetal lipobox. ) were found in phospholipids, palmitate (C "' ) predominated in the lipoproteins, indicating a specificity for palmitate by both Lgt and Lnt acyl transferases (Belisle et al., 1994) . A caveat here is that bacteria, including spirochaetes, that beta-oxidize fatty acids could potentially incorporate the tritium label into amino acids. However, labelling of proteins by incorporation of tritiated amino acids would be relatively inefficient in comparison with modification of lipoproteins by one or more molecules of [$H]palmitate. This concern can be dealt with experimentally by acid and\or alkaline hydrolysis of tritium-labelled proteins with recovery of [$H]palmitate (Brandt et al., 1990 ; Swancutt et al., 1990) or by demonstration of label removal from an otherwise intact protein (Haake et al., 2000) .
Globomycin is a cyclic peptide antibiotic which selectively inhibits prolipoprotein signal peptidase. Examination of lipoprotein expression in the presence and absence of globomycin is a very useful tool for determining whether a protein is a substrate for prolipoprotein signal peptidase. Globomycin has been found to be active in inhibiting lipidation of native spirochaetal lipoproteins in T. pallidum and Borrelia hermsii (Carter et al., 1994) , and of recombinant spirochaetal lipoproteins expressed in E. coli (Erdile et al., 1993 ; Haake et al., 1998 ; Purcell et al., 1990 ; Shang et al., 1996 ; Thomas & Sellwood, 1993 ).
Lipid modification not only provides a membrane anchor for lipoproteins but also imparts a strongly hydrophobic quality, which can be assessed using the detergent Triton X-114 (Brandt et al., 1990 ; Chamberlain et al., 1989a) . Similar in properties and structure to Triton X-100, Triton X-114 has a slightly shorter polyoxyethylene side chain that gives it the property of having an unusually low cloud point. In a typical experiment, spirochaetes are extracted in a buffer containing a low concentration of Triton X-114 (usually 0n1-1n0 %), followed by centrifugation to remove insoluble material (the protoplasmic cylinder, including cytoplasmic membrane and cell wall). These initial steps must be carried out at 4 mC to prevent premature phase partitioning. The supernatant containing the solubilized spirochaetal membrane is then warmed to 37 mC, at which point Triton X-114 partitions into two phases, a detergent-rich ' hydrophobic ' phase and a detergentpoor ' hydrophilic ' phase. Membrane proteins, including lipoproteins, typically partition selectively into the Triton X-114 hydrophobic phase. In contrast, nonmembrane proteins would be expected to partition into the Triton X-114 hydrophilic phase. The importance of lipidation on the phase-partitioning characteristics of a protein can be confirmed by performing the Triton X-114 phase-partitioning experiment on recombinant protein expressed without its lipoprotein signal peptidase cleavage site, with the expectation that it would now partition into the hydrophilic aqueous phase (Chamberlain et al., 1989b) .
Controversies in outer membrane and surface localization
Lipoproteins exported to the outer leaflet of the outer membrane are of special importance in terms of understanding the interactions of spirochaetes with their environment. Surface-exposed proteins are a doubleedged sword for pathogens : proteins may be utilized by bacteria to facilitate adhesion or invasion of the host, but also may serve as a target for the host immune system. Despite this apparent dilemma, all pathogenic spirochaetes share the property of being able to cause persistent infections in mammalian hosts. Spirochaetes evade the host immune response by utilizing highly evolved strategies for reducing surface exposure of protein antigens. One strategy is to restrict transmembrane outer-membrane-protein expression to low levels (Radolf et al., 1989 ; Walker et al., 1989 Walker et al., , 1991 . There is also evidence that some surface lipoproteins may hinder the access of antibodies to transmembrane outer-membrane proteins (Bunikis & Barbour, 1999) . Still other lipoproteins may be restricted to subsurface locations to avoid antibody exposure (Cox et al., 1992) . Another mechanism for evasion of the host immune response is antigenic variation of surface lipoproteins (see Antigenic variation and evasion of the mammalian immume response section below).
Since we do not understand the signals involved in determining whether a lipoprotein will be exported to the outer membrane and\or the cell surface, experimental determination of surface exposure is critical in identifying lipoproteins that are involved in the pathogenesis of spirochaetal disease. Determining which lipoproteins are outer-membrane components and to what extent they are surface-exposed is highly controversial and continues to be an area of intense investigation (Brusca et al., 1991 ; Cox et al., 1995 Cox et al., , 1996 Shevchenko et al., 1999) . The degree of difficulty in resolving these issues is probably a reflection of the remarkable ability of spirochaetes to evade the host immune response. Before assigning a cellular location to a lipoprotein, multiple approaches should be utilized and great caution should be exercised in interpretation of the results. Regardless of which techniques are used to support the designation of a lipoprotein as a surfaceexposed outer-membrane protein, use of appropriate markers to control for subsurface antigens and the presence of cytoplasmic-membrane components are essential to verify the accuracy of the procedure(s).
Triton X-114 extraction and phase partitioning (see previous section) has been applied to isolation of the outer membrane of a variety of different spirochaetes. The advantage of Triton X-114 partitioning is the ease with which it can be performed. However, this approach suffers from a serious limitation in terms of specificity. Cytoplasmic membrane lipoproteins may be accessible to Triton X-114 solubilization even though the peptidoglycan cell wall and cytoplasmic membrane appear to be intact following extraction. For example, much of the prominent T. pallidum lipoprotein TpN47 is solubilized by Triton X-114 (Radolf et al., 1988) . However, TpN47 was not among the protein components of the T. pallidum outer membrane obtained using more accurate and laborious methods of isolating T. pallidum outermembrane vesicles by isopycnic ultracentrifugation (Blanco et al., 1994 ; Radolf et al., 1995a) . T. pallidum outer-membrane vesicles isolated in this way were found to contain a number of minor proteins, including potential transmembrane proteins and the lipoproteins TpN17 and glycerophosphodiester phosphodiesterase (GlpQ) (Shevchenko et al., 1997) .
Identification of transmembrane proteins in isolated outer-membrane vesicles is significant because such proteins are exposed on both faces of the outer membrane. Unfortunately, this is not true for lipoproteins which are potentially restricted to either the inner or outer leaflet of the outer membrane. For this reason, experimental approaches for assessment of surface exposure are essential in analysis of spirochaetal outer-membrane lipoproteins. Due to the lability of spirochaetal outer membranes, the best techniques for identifying surface-exposed antigens take measures to avoid disrupting the bacteria, utilize multiple approaches and include relevant controls. T. pallidum lipoproteins Tpp17 and GlpQ appear to be restricted to the periplasmic leaflet of the outer membrane (Cox et al., 1995 ; Shevchenko et al., 1999) . Surface exposure was determined on the basis of accessibility to surface proteolysis and immunofluorescence of T. pallidum encapsulated in agarose beads using antiserum raised against recombinant proteins.
The initial description of Bor. burgdorferi outer-surface proteins utilized four independent approaches involving exposure of intact cells to antibodies and proteases (Barbour et al., 1984) . A monoclonal antibody specific for OspB was found to agglutinate Bor. burgdorferi at a low concentration and was shown to bind to the Bor. burgdorferi surface in immuno-electron microscopy and radiolabelling experiments. Although most Bor. burgdorferi proteins were intact following treatment of intact cells with proteinase K, OspA and OspB were completely digested. The localization of these proteins to the cell surface is consistent with the sensitivity of Bor. burgdorferi to OspA-and OspB-specific antibodies. Even in the absence of complement, the growth of Bor. burgdorferi strain B31 is inhibited by certain OspA-and OspB-specific monoclonal antibodies at concentrations less than 1 µg ml −" . This concentration is actually lower on a gram-for-gram basis than the minimal concentration of penicillin G (6n4 µg ml −" ) required to kill Bor. burgdorferi (Johnson et al., 1987) .
Persuasive as these studies are, research involving alternative approaches for examining the cellular location of antigens questioned the extent to which these outer-surface proteins were surface exposed. Immunoelectron microscopy using ultrathin-sectioned organisms found binding of OspA-and OspB-specific monoclonal antibodies not only to the outer leaflet of the outer membrane but also to the inner leaflet of the outer membrane, as well as to the outer leaflet of the cytoplasmic membrane (Brusca et al., 1991) . An independent approach involving binding of OspA-and OspB-specific monoclonal antibodies to Bor. burgdorferi encapsulated in agarose beads found that immunofluorescence increased dramatically after the outer membrane was removed or disrupted by treatment with Triton X-100 (Cox et al., 1996) . These studies suggest that the OspA and OspB are not exclusively on the cell surface, but rather that there is a distribution of the population of OspA and OspB molecules between surface and subsurface locations. Additional Bor. burgdorferi surface-exposed lipoproteins have been identified on the basis of accessibility to proteases and\or antibodies in intact cells, including OspC (Wilske et al., 1993) , OspD (Norris et al., 1992) , OspE and OspF (Lam et al., 1994) , and decorin-binding protein (Guo et al., 1998) .
A surface immunoprecipitation technique has been used to assess the exposure of antigens on the surface of the pathogen Leptospira kirschneri (Haake et al., 1991) . Intact leptospires were incubated in the presence of antiserum to whole cells, followed by gentle washes to remove unbound antibodies. The surface antigenantibody complexes were solubilized and isolated using protein A-Sepharose beads. Electrophoresis and immunoblotting of the surface-exposed antigens revealed that leptospiral LPS and proteins of 33 and 41 kDa were among the antigens isolated by this procedure. The 33 kDa protein was subsequently identified as a porin, OmpL1 (Haake et al., 1993 ; Shang et al., 1995) , while the 41 kDa protein was found to be a lipoprotein, designated LipL41 (Shang et al., 1996) . The surfaceimmunoprecipitation characteristics of OmpL1 and LipL41 were then compared to a second lipoprotein, LipL36. LipL36 was immunoprecipitable in a Triton X-100 extract of the outer membrane, but was inaccessible to antibody in the surface immunoprecipitation procedure, indicating that it is restricted to the periplasmic leaflet of the outer membrane (Shang et al., 1996) . This technique is widely applicable to analysis of surface exposure but requires a protein to be immunogenic for it to be detected.
Evidence for involvement of lipoproteins in spirochaetal pathogenesis
While a number of subsurface lipoproteins are thought to have roles in cellular physiology (Table 2) (Fraser et al., 1997 (Fraser et al., , 1998 , the functions of the vast majority of spirochaetal lipoproteins remain unclear, and only a few have been implicated to participate directly in pathogenesis. Even though the crystal structure of OspA has been known for some time (Li et al., 1997) , an understanding of its role in the biology of Bor. burg-dorferi is only now beginning to emerge. Mutants deficient in OspA are more sensitive to complement and digestion of transmembrane OmpP66 by proteases (Bunikis & Barbour, 1999 ; Sadziene et al., 1995) . These data suggest that OspA expression by Bor. burgdorferi during tick infection protects the organism both from tick midgut proteases and from mammalian complement when the tick takes a blood meal.
The ability of spirochaetes to attach to eukaryotic cell surfaces and extracellular matrix proteins is essential in pathogenesis. Decorin is a collagen-associated proteoglycan found in various tissues, including skin and joints, sites typically associated with Lyme disease. Bor. burgdorferi was shown to attach selectively to decorin, which led to the subsequent isolation of the decorinbinding protein (Dbp) genes by screening an expression library with digoxigenin-labelled decorin (Guo et al., 1995 (Guo et al., , 1998 . The two-gene operon encoding the lipoprotein DbpA and the related lipoprotein DbpB were independently identified by screening a Bor. burgdorferi expression library with infection-derived serum (Feng et al., 1998 ; Skare et al., 1999) and by sequencing of DbpA found in Bor. burgdorferi outer membranes (Hagman et al., 1998) .
A strong case has been made for the importance of DbpA in Bor. burgdorferi adhesion. DbpA was subject to surface proteolysis when intact cells were incubated in the presence of proteinase K (Guo et al., 1998 ; Hagman et al., 1998) . Recombinant DbpA binds decorin and inhibits the adherence of Bor. burgdorferi to decorin (Guo et al., 1998) . There is increased expression of DbpA at 37 mC relative to ambient temperature, consistent with the importance of decorin binding after Bor. burgdorferi is transmitted from the tick to the mammalian host (Skare et al., 1999) . Because DbpA demonstrates considerable heterogeneity among Bor. burgdorferi strains, it was important to define the portion of the molecule involved in decorin binding. Chemical modification of lysine residues was found to abrogate DbpA binding to decorin. A comparison of 30 DbpA sequences was performed that identified 5-6 conserved lysine residues, three of which were shown to be essential for decorin binding by site-directed mutagenesis (Brown et al., 1999) .
There is evidence implicating a 47 kDa Bor. burgdorferi lipoprotein (BBK32), designated P47, in fibronectin binding (Probert & Johnson, 1998) . P47 was originally identified by probing blots of Bor. burgdorferi wholecell lysates with alkaline phosphatase-labelled fibronectin. This general approach to identifying adhesins is potentially hazardous given the ' stickiness ' of fibronectin. However, the possibility that P47 is involved in Bor. burgdorferi adhesion is supported by the demonstration that Bor. burgdorferi adhesion to fibronectincoated cover slips is strongly inhibited by addition of a purified P47 fusion protein. Based upon sequence homology, the TIGR website designates BBK32 as a cellenvelope protein involved in ' biosynthesis of surface polysaccharides and lipopolysaccharides ' ; an assignment which is difficult to reconcile with the lack of such molecules in Bor. burgdorferi.
Environmental adaptation by differential expression
Like DbpA (see previous section), many spirochaetal lipoproteins are differentially expressed, presumably for the purpose of adapting to different environmental conditions. Differential expression has been demonstrated for lipoproteins of Bor. burgdorferi, the relapsing fever borreliae and the pathogenic Leptospira species. These are organisms that exist in different environmental conditions during their life cycle. The life cycle of the borreliae consists of two phases, one phase inside a tick or louse and the other phase inside the mammalian host. Although leptospiral infection may occur through direct transmission from one animal to another, infection commonly occurs through exposure to water or soil contaminated with urine from a carrier host, requiring adaptation of Leptospira species to the environment outside the mammalian host. Although Treponema species do not exist outside the mammalian host, there may be differential expression of proteins depending on the location within the host, since treponemes do have genes involved in chemotaxis and sensory transduction (Fraser et al., 1998 ; Greene et al., 1997 ; Hagman et al., 1997) . However, it is not known whether environmental responses include differential expression of treponemal lipoproteins.
Bor. burgdorferi undergoes a dramatic metamorphosis, including changes in the expression of many different lipoproteins, when it goes from the tick to the mammalian environment. Inside the midgut of unfed ticks, Bor. burgdorferi expresses the OspA lipoproteins in large amounts (Burkot et al., 1994) . Elegant immunofluorescence studies show that after the tick attaches to a mammalian host and begins feeding, Bor. burgdorferi downregulates OspA expression and begins rapid synthesis of OspC . At the same time, Bor. burgdorferi migrates from the tick midgut to the salivary glands in preparation for mammalian-host infection. Once inside the mammalian host, the transition from OspA to OspC expression is complete : Bor. burgdorferi no longer expresses OspA, while OspC is readily detectable in mammalian-host-adapted organisms (Montgomery et al., 1996) . Temperature is at least one cue that Bor. burgdorferi uses to undergo this transition, since it was found that changes in lipoprotein expression could be examined by comparing Bor. burgdorferi grown in culture at 23-24 mC with those grown at 35 mC . Effects of temperature on differential expression of OspA and OspC are enhanced by cocultivation of Bor. burgdorferi with tick cells (Obonyo et al., 1999) .
In addition to OspC, a large number of other lipoproteins are upregulated during infection of the mammalian host. Examination of Bor. burgdorferi grown at low and high temperatures by immunoblotting using sera from infected mice, it was found that the expression of two other outer-surface proteins, OspE and OspF, also appeared to be expressed only during mammalian infection (Stevenson et al., 1995) . It has become evident that many proteins with upregulated expression during mammalian infection are members of a large family of OspEF-related proteins, designated Erps (Stevenson et al., 1996) . Further studies have shown that expression of the Erp proteins could be induced in cultivated Bor. burgdorferi strain B31 by a shift in temperature from 23 to 35 mC (Stevenson et al., 1998a ).
Incubation of spirochaetes at different temperatures is one method of replicating environmental signals that regulate lipoprotein expression. Other environmental stimuli that appear to affect spirochaetal lipoprotein expression include cell density (Haake et al., 1998 ; Indest et al., 1997) and pH (Carroll et al., 1999) . The existence of other, as yet unidentified, environmental signals is suggested by effects of growth in peritoneal dialysis bags on expression of various lipoproteins, including Erps (Akins et al., 1998) .
Molecular approaches for identifying environmentally regulated genes, such as in vivo expression technology, are not available in spirochaetes. However, a number of studies have utilized the immune response as a tool to study differential regulation by screening expression libraries with sera from infected animals (Fikrig et al., 1997 ; Skare et al., 1999 ; Suk et al., 1995 ; Wallich et al., 1995) . For obvious reasons, these experiments rely heavily on the quality of the infection-derived sera used to identify recombinant antigens. An effective approach has been to use sera from rabbits that had recovered from infection with low-passage Bor. burgdorferi strain B31 and had become immune to reinfection (Foley et al., 1997 ). The expression library was then screened with this immune rabbit serum after absorption with cultureattenuated, noninfectious Bor. burgdorferi strain B31. A number of proteins expressed during mammalian infection were identified in this way including a number of novel and previously characterized proteins, including Rev, DbpA and VraA (Skare et al., 1999) .
Changes in lipoprotein expression have also been found to occur in Leptospira species. Immunohistochemistry was used to evaluate whether lipoproteins expressed by cultivated Leptospira species were also expressed during infection. These experiments took advantage of the fact that in kidneys of infected animals, pathogenic Leptospira species are found in high numbers within proximal renal tubules. Experiments revealed expression of a number of membrane antigens, including leptospiral LPS, the OmpL1 porin and the lipoproteins LipL32 and LipL41 (Barnett et al., 1999 ; Haake et al., 2000) . However, a third lipoprotein, LipL36, which is expressed at high levels in cultivated organisms, was undetectable by immunohistochemistry (Barnett et al., 1999) . These observations were validated by examination of the antibody response in animals experimentally infected with host-derived organisms (Barnett et al., 1999) . Research is ongoing in our laboratory to determine the signals that regulate differential expression of LipL36.
Antigenic variation and evasion of the mammalian immune response
The Borrelia species that cause relapsing fever produce a major surface lipoprotein, which in Bor. hermsii has been shown to undergo antigenic variation with each successive febrile episode. These serotype-determining lipoproteins are referred to collectively as variable major proteins (Vmps), but are classified by size and sequence homology differences into two groups : variable large proteins (Vlps) and variable small proteins (Vsps) (Hinnebusch et al., 1998) . Interestingly, the Vsps share a high degree of amino acid and DNA sequence identity with OspC of Bor. burgdorferi (Carter et al., 1994) . A single Bor. hermsii isolate may have more than 40 different complete or partial vsp and vlp genes (Hinnebusch et al., 1998) . Antigenic variation occurs when the gene in the 28 kb linear-plasmid expression locus is replaced by a copy of one of the silent vsp or vlp genes. Recently it was discovered that as Bor. hermsii cycles between ticks and mice, the Vmp expressed on its surface alternates between tick-associated (Vsp33) and mammal-associated (e.g. Vlp7 or Vsp8) Vmps (Schwan & Hinnebusch, 1998 ). Temperature appears to be a primary signal for which type of Vmp is expressed ; Bor. hermsii grown at 23 mC produce the tick-associated Vmp (Vsp33) while those grown at 37 mC produce a mammalassociated Vmp (e.g. Vsp8). This is consistent with the idea that the mammal-associated vmp genes must be inserted into the 28 kb linear plasmid expression locus for expression to occur, while the tick-associated vsp33 gene is expressed by its own promoter on a 53 kb linear plasmid (Carter et al., 1994) . These findings indicate that Vsp33 serves a special, though yet not understood, role for Bor. hermsii during tick infection. The diversity of vmp variants allows Bor. hermsii to evade the host immune response. Expression of a new Vmp allows re-emergence in the bloodstream, which facilitates transmission to the insect vector. Studies involving Borrelia turicatae suggest that Vmp expression may also determine the sites of infection and manifestations of disease. Bor. turicatae causes a form of relapsing fever in man and experimental animals that is similar to Lyme disease, including arthritis and neurological disease. Bor. turicatae serotype A causes central nervous system infection, while infection with serotype B is associated with arthritis and higher levels of organisms in blood and joint tissue (Cadavid et al., 1994) . The only apparent difference between serotypes A and B is the Vmp that they express on their surface. Both VspA (expressed by serotype A) and VspB (expressed by serotype B) belong to the Vsp-OspC family of lipoproteins. VspA is a relatively hydrophobic molecule, while VspB has an unusually basic pI (Pennington et al., 1999) . It is not known whether the link between Vmp type and the pattern of disease is causal or an association with more direct determinants of pathogenesis.
Antigenic variation has also been found in Bor. burgdorferi in a manner similar to that in the relapsing fever borreliae. The vmp-like sequence (vls) locus was found using a subtractive hybridization technique designed to identify genetic elements lost during culture attenuation of Bor. burgdorferi virulence (Zhang et al., 1997) . The vls expression site (vlsE) is a lipoprotein gene with a cassette region bounded by 17 bp direct repeats. Antigenic recombination occurs by promiscuous recombination between the cassette region of vlsE and segments of the silent vls cassettes located on the same 28 kb linear plasmid (Zhang & Norris, 1998a) . Antigenic recombination was found to occur at a faster rate in immunologically intact mice than in mice with severe combined immunodeficiency, indicating the importance of the mammalian immune response in production of antigenic variants (Zhang & Norris, 1998b) .
During chronic mammalian infections, intergenic recombination among other Bor. burgdorferi lipoproteins, such as the Erp lipoproteins (El Hage et al., 1999) , OspA, OspC or OspD (Persing et al., 1994 ; Stevenson et al., 1994) , is not detectable. The multiplicity of highly related Erp proteins, and the sequence variations in OspA, OspC and OspD homologues among different Bor. burgdorferi isolates are presumably due to other mechanisms of genetic mutability.
Stimulation of inflammation and the innate immune response
Many of the complications of spirochaetal diseases are due to the host inflammatory response. In Lyme disease, the mammalian host responds to the presence of Bor. burgdorferi in skin and articular tissues by an influx of inflammatory cells. Tissue inflammation is also a hallmark of other spirochaetal diseases, including dermatitis and vasculitis in syphilis, interstitial nephritis in leptospirosis and periodontititis in oral treponeme infections. Although LPS is likely to play a role in inflammation in disease caused by oral treponemes, Brachyspira and Leptospira species, this is not the case for T. pallidum and Bor. burgdorferi which lack LPS. Spirochaetal lipoproteins have been found to be potent stimulators of inflammation. Treponemal and borrelial lipoproteins are capable of activating a variety of cell types in vitro, including monocytes, macrophages, lymphocytes and endothelial cells (Radolf et al., 1995b ; Sellati et al., 1996 ; Vincent et al., 1998) . The stimulatory effects are dependent on lipidation and can be reproduced using synthetic acylated hexapeptides (Radolf et al., 1995b ; Sellati et al., 1996 ; Vincent et al., 1998) . The inflammatory effects of lipoproteins can also be reproduced in animal models of disease. For example, dermal inflammation including monocytic cellular infiltrates can be elicited by intradermal injection of acylated hexapeptides that are synthetic analogues of borrelial and treponemal lipoproteins .
It has recently come to light that the innate immune response is responsible for cellular activation by borrelial and treponemal lipoproteins. The innate immune response provides a rapid mechanism for recognizing and responding to microbial pathogens (Ulevitch, 1999) . In the case of Gram-negative pathogens, a serum LPS-binding protein (LBP) presents LPS to CD14. Activation of myeloid (monocyte\macrophage\ polymorphonuclear leukocyte) cells occurs through presentation of LPS to CD14 on the cell membrane. A soluble form of CD14 is involved in activating nonmyeloid (endothelial\epithelial) cells. After binding LPS, CD14 interacts with transmembrane Toll-like receptors (primarily TLR4 in the case of Gram-negative LPS) that transmit the signal across the cell membrane, resulting in induction of NF-κB nuclear translocation.
Induction of the NF-κB pathway by spirochaetal lipoproteins primarily involves CD14, and lipoproteins bind to CD14 at the LPS-binding site (Giambartolomei et al., 1999 ; Sellati et al., 1998 ; Wooten et al., 1998) . However, there are important differences between Gram-negative LPS-and spirochaetal lipoprotein-mediated cellular activation. First, spirochaetal lipoproteins are able to interact with CD14 without LBP . Another important difference is that signalling of cellular activation by spirochaetal lipoproteins occurs via TLR2 instead of TLR4 (Aliprantis et al., 1999 ; Hirschfeld et al., 1999) . The sensitivity of the TLR2 pathway to spirochaetal lipoproteins is demonstrated by the finding that TLR2-transfected cells had ten-fold greater sensitivity to spirochaetal lipoproteins than Gram-negative LPS (Hirschfeld et al., 1999) . Cellular activation by the TLR2 pathway may explain some of the clinical differences between Gram-negative sepsis and the spirochaetemia that occurs in Lyme disease and syphilis. Another relevant question is why some animals, such as the white-footed mouse, Peromyscus leucopus, are able to tolerate persistent infection by Bor. burgdorferi, allowing them to serve as a reservoir for tick transmission (Barthold et al., 1990) . A potential reason for these phenotypic differences in infection and disease susceptibility among mammalian hosts could involve polymorphisms in genes that regulate the intensity of the host inflammatory response, including TLR2-mediated innate immunity (Weis et al., 1999) .
Spirochaetal lipoproteins as protective immunogens
Ultimately, the relevance of spirochaetal lipoprotein research will be measured by whether it enables us to change the paradigms of how diseases caused by these pathogens are managed or prevented. One of the most direct ways in which this can happen is through vaccine development. Subunit vaccines consisting of recombinant spirochaetal lipoproteins is an area of intense investigation. Rather than to provide a comprehensive review on spirochaetal vaccines, it is the intent of this section to review the role of lipoproteins in immunity.
Much of the information available on the subject of lipoproteins and immunity involves Bor. burgdorferi. The potential of surface-exposed proteins as protective immunogens led to work on Lyme disease vaccine studies shortly after the genes encoding Osps were cloned into E. coli expression plasmids. Early studies showed that a number of recombinant lipoproteins were protective immunogens in animal models of Lyme disease, including OspA, OspB, OspC and OspF (Fikrig et al., 1990 ; Nguyen et al., 1994 ; Probert & LeFebvre, 1994) . However, the heterogeneity of these proteins among Bor. burgdorferi isolates led to problems with cross-protection, which limits their usefulness as vaccines. OspA has received the most interest in vaccine studies because it showed sufficient antigenic conservation among North American isolates to be effective in commercial vaccines. While there is clearly a need for development of new vaccine strategies for prevention of Lyme disease, the experience gained from work on OspA is relevant to an understanding of lipoproteins as immunoprotective molecules. An important feature of immunity based on OspA is lipidation of the recombinant antigen (Erdile et al., 1993) . Nonlipidated OspA requires addition of adjuvant to elicit full protection, indicating that lipidation functions as a kind of internal adjuvant (Erdile et al., 1993) . Although lipidation is important in generating a protective immune response, the lipidated N-terminal cysteine is not the target of protective antibodies. An important protective epitope has been mapped to the C terminus of OspA (Sears et al., 1991) . This region is structurally distinct from the rest of OspA. Crystallographic studies have shown that most of OspA is a repetitive antiparallel beta sheet with an exposed Cterminal alpha helix (Li et al., 1997) . Monoclonal antibody LA-2, which is directed at this region of OspA, has been found to be useful in quantitating bactericidal antibody titres (Johnson et al., 1995) . The mechanism of action of OspA-induced immunity involves blocking transmission of Bor. burgdorferi from the tick to the mammalian host. Bor. burgdorferi in the tick midgut is susceptible to the effects of OspA antibodies in the bloodstream of the mammalian host. When an infected tick takes a blood meal from an immunized animal, OspA antibodies appear to inhibit Bor. burgdorferi growth in the midgut, prevent dissemination to the salivary gland and prevent transition to the OspC expression phenotype (de Silva et al., 1999) . Each of these effects serve to reduce the likelihood of transmission. If the antibody titre is high enough, OspA antibodies in combination with complement are also able to kill Bor. burgdorferi in the tick midgut (Nowling & Philipp, 1999) . Decorin-binding protein A (DbpA) is another potential Bor. burgdorferi lipoprotein vaccine candidate. Immunization of mice with recombinant DbpA protects against homologous, and in some cases, heterologous challenge (Hanson et al., 1998) . Because DbpA is expressed during mammalian infection and is involved in the interaction of Bor. burgdorferi with host tissues, the mechanism of action of DbpA immunization is different to OspA immunization. OspA immunization protects by prevention of transmission, while DbpA immunization acts by aborting infection after transmission. Passive immunization was able to prevent infection as long as 4 d after challenge (Hanson et al., 1998) . DbpA antibodies appear to act by inhibiting Bor. burgdorferi growth and blocking binding to decorin, a collagen-associated proteoglycan. The biological significance of this effect is demonstrated by the finding that when DbpA immunization resulted in partial protection, cultures were usually positive only in the bladder, and not in the ear or joints ; tissues rich in collagen (Hanson et al., 1998) . The usefulness of DbpA as a vaccinogen will depend on finding conserved protective epitopes since there is a fairly high degree of sequence heterogeneity among Bor. burgdorferi strains (Roberts et al., 1998) .
Given their prevalence in spirochaetal membranes, lipoproteins are also being considered as immunoprotective antigens in spirochaetes other than Bor. burgdorferi. The rabbit is the best characterized animal model of syphilis. Intradermal inoculation of T. pallidum into the backs of naı$ ve rabbits results in ulcerative lesions that mimic human syphilitic chancres. Recently, there has been interest in whether T. pallidum glycerophosphodiester phosphodiesterase is an immunoprotective antigen. In one study, rabbits immunized with recombinant, enzymically active glycerophosphodiester phosphodiesterase had accelerated formation of atypical, nonulcerative, darkfield-negative lesions after intradermal challenge with T. pallidum (Cameron et al., 1998) . However, all immunized rabbits were infected and a second study found no alterations in lesion formation after challenge, suggesting that differences in recombinant protein, adjuvant, and\or immunization protocol accounted for the observed differences (Shevchenko et al., 1999) . It is unclear whether the atypical lesions observed in the first study represented partial immunity or an accelerated immune response consistent with what has been observed in earlier studies involving subsurface antigens (Champion et al., 1990) .
LipL41 is a surface-exposed lipoprotein of pathogenic Leptospira species, which has been shown to play a synergistic role in immunity (Haake et al., 1999) . Although hamsters immunized with lipidated LipL41 alone did not have improved survival over control immunized hamsters challenged with virulent leptospires (23 % and 20 % survival, respectively), hamsters immunized with both the porin OmpL1 and lipidated LipL41 had significantly better survival than hamsters immunized with OmpL1 alone (71 % and 42 % survival, respectively ; P 0n05). The finding that immunization with a combination of transmembrane porin (OmpL1) and a lipoprotein provides synergistic protection suggests that the lipoprotein is not merely an additional surface target. One possible explanation for why immunoprotection is amplified by combining two different types of antigens is that surface lipoproteins ' shield ' porins. If this were the case, antibody binding to LipL41 could inactivate its shielding effect, facilitating antibody binding to OmpL1. The shielding concept is supported by recent studies with Bor. burgdorferi indicating that Osp lipoproteins interfere with the access of antibody and trypsin to the integral outer-membrane protein P66 (Bunikis & Barbour, 1999) . These studies indicate the importance of considering immunoprotection strategies which combine different classes of membrane proteins.
Conclusion
The T. pallidum and Bor. burgdorferi genome sequences have given us a greater appreciation for the importance of spirochaetal lipoproteins (Fraser et al., 1997 (Fraser et al., , 1998 . As ongoing genome-sequencing projects involving Treponema denticola and Leptospira interrogans (The Institute for Genomic Research, 2000) continue to expand the number of genes known to encode potential lipoproteins, there will be an increased need to develop effective strategies for genetic manipulation of spirochaetes. Promising techniques are already available for T. denticola (Li et al., 1996) , Bor. burgdorferi (Stevenson et al., 1998b) and Bra. hyodysenteriae (Rosey et al., 1995) . Genes of spirochaetes which can not be cultivated can potentially be expressed and studied in a related spirochaetal host (Chi et al., 1999) . Introduction of heterologous DNA, selective gene inactivation and sitespecific mutagenesis will be extremely powerful tools for elucidating lipoprotein export and function. It will also be necessary to be able to complement inactivated genes as a control for the inactivation process. These new approaches promise to enhance existing methods for studying lipoproteins and in so doing will greatly expand our understanding of the roles lipoproteins play in the biology of spirochaetes.
